Abstract A bark beetle (Ips typographus) infestation caused the death of almost all Norway spruce (Picea abies) trees in a mountain forest in the Swiss Alps. We developed a tree regeneration model, 'RegSnag' (=REGeneration in a SNAG stand), to project the future amount and height of tree regeneration in these snag stands. The model combines a height-class structured tree module with a microsite-based module of snag decay and ground-vegetation succession. Microsite-specific rates of germination, mortality and height growth were modelled for four tree species (Picea abies, Sorbus aucuparia, Acer pseudoplatanus and Betula pendula) in eight height classes (from seedlings to saplings 5 m tall) and on 26 microsite types (e.g. moss, grass). Model tests with independent field data from 8 years after the Picea die-back demonstrated that microsites had a considerable effect on the development of tree regeneration on both the montane and the subalpine level. With microsite-specific parameters, the height and frequency of Picea in each microsite could be simulated more accurately than without considering microsite effects (e.g. bias of 8 vs. 119 saplings ha À1 on the montane level). Results of simulations 40 years into the future suggest that about 330-930 Picea saplings per ha out of those that germinated in 1994 and 1996 will reach a height of 5 m within 30-35 years after Picea die-back. This is due to differences in seed inflow and browsing intensities. Picea and not Betula or Sorbus trees will replace the current herbaceous vegetation in these snag stands.
Introduction
Disturbances such as windthrow and beetle infestations drive forest ecosystem dynamics over a wide range of spatial scales. When large-scale disturbances strike stands that provide protection against natural hazards (i.e. protection forests, see Brang et al. 2001 ), a rapid restoration of the tree cover in the destroyed stands is needed if their protective effect against snow avalanches and rock fall is to be maintained (Chauvin et al. 1994; Mo¨ssmer 1998; Scho¨nenberger 2000) . In particular, regenerating trees should provide protection before the snags, stumps and logs of the destroyed stand lose their protective effect (cf. .
Although many studies have been performed on tree regeneration in closed forests and in windthrow areas (e.g. Veblen et al. 1989; Ishizuka et al. 1998; Ulanova 2000; Wohlgemuth and Kull 2002) , little attention has been paid to the development of natural tree regeneration after disturbance agents that kill standing trees (i.e. beetles, fungi). In interior Alaska, a spruce bark beetle (Dendroctonus rufipennis Kirby) outbreak caused a forest conversion from Picea glauca into Betula stands because spruce regeneration was sparse (Baker and Kemperman 1974) . The same happened in the Rocky Mountains where spruce-dominated snag stands with more than 10% fir in the overstory changed into fir forests, and only stands with less than 10% fir remained spruce forests (Schmid and Frye 1977) . In snag stands in the Swiss Alps and in Bavaria, it was found that only small amounts of Norway spruce (Picea abies (L.) Karst.) and other tree species established during the first years after Picea die-back (e.g. Heurich 2001; Kupferschmid et al. 2002) .
In closed Picea stands in mountainous regions of Switzerland, tree regeneration is often sparse as well (Brang and Duc 2002) , and P. abies regeneration grows slowly (e.g. Lu¨scher 1990; Frehner 2000) . Furthermore, particularly in the subalpine zone, a crucial issue in the tree regeneration process is the availability of suitable microsites. In the case of P. abies, such sites comprise rotten wood, moss-covered rocks or other microtopographically elevated sites that provide sufficient direct sunlight, absence of competing ground vegetation and an early snowmelt (for a discussion, see Brang 1997) . The availability of such microsites clearly varies during the decay of snag stands, mainly because of changes in ground vegetation and the increase in coarse woody debris. In addition, seed availability is limited more strongly in snag stands than in closed forest stands, as most conifer seeds do not travel far from their origin (Kuoch 1965; La¨ssig et al. 1995; Cameron 1996) . However, more light and probably also more nutrients are available in snag stands (Beudert 1999) , which results in a lusher ground vegetation and a better growth of tree regeneration. Thus, predicting the future dynamics of snag stands represents several challenges.
Mathematical modelling of snag stands can be used to analyse and predict tree regeneration processes. Many forest succession models have already been used to simulate stand development. In the specific context of the present study, tree regeneration is the core component for capturing forest succession. Therefore, model approaches that do not consider height increment of small tree saplings are not suitable for our purpose (e.g. traditional gap models with recruitment of trees of 1-2 cm diameter at breast height, cf. Urban et al. 1991; Lexer and Ho¨nninger 2001) . Several models, however, include fairly detailed descriptions of tree regeneration, e.g. SORTIE (Pacala et al. 1996) , FORMIX (Bossel and Krieger 1991; Huth et al. 1998) , SIMA (Kelloma¨ki and Va¨isa¨nen 1991) , ForGra (Jorritsma et al. 1999) , the regeneration submodels of the model FOREST (Monserud and Ek 1977) and MOSES Hasenauer 1996, 1997 ) and the regeneration model by Sterba (1997) . However, they all have one or several of the following shortcomings: (1) parameterisation is complex or has been done only for species groups, thus making it difficult to apply them in a species-specific manner, (2) light is assumed to be the major limiting factor for tree establishment, whereas in snag stands light availability is not a key factor, (3) functions are used that integrate all the processes from seed production, seed dispersal, germination and seedling establishment, which does not allow us to disentangle these processes, (4) competition effects by the ground vegetation are not taken into account, but they are quite important in snag stands, (5) browsing by ungulates is not considered, (6) data from yield tables or mature tree characteristics are extrapolated to seedlings, or (7) they consider forest succession only as averages over large patches (e.g. 400 m
2 ). Furthermore, we are not aware of a simulation model that takes into account both the strong dependency of tree establishment and growth on microsite types and the continuous change in microsite availability. For a more detailed literature review of tree regeneration models, see .
As we were mostly interested in the amount and height of trees and have already developed and tested a microsite-based model of decay and ground vegetation processes (Kupferschmid and Bugmann 2005) , it was obvious to combine a new model of tree regeneration structured into height classes with our earlier microsite model. Germination, growth, mortality and browsing can thereby be modelled with different characteristics in each microsite type. For example, tree saplings on moss cushions can be modelled to grow faster than saplings on coarse woody debris, even though light availability would be the same.
The present paper is focusing on the development and testing of this new model 'RegSnag' (=REGeneration in a SNAG stand) and its application to a case study (Gandberg site). The tree regeneration submodel will be described in detail here, whereas only a brief summary of the microsite module will be given (Kupferschmid and Bugmann 2005) . The ultimate objectives of this study were (1) to project the abundance and height distribution of tree regeneration in the snag stands on the Gandberg site into the future, and (2) to predict the future tree species composition on the Gandberg site.
Study site
As a case study, the snag stands of the Gandberg forest (northern Swiss Pre-Alps) were chosen because (1) this area was one of the largest steep slopes in Switzerland where almost all trees were killed in the early 1990s and it was decided to leave them unharvested (forest reserve), and (2) a considerable amount of data have been collected in the snags stands during the first 8 years of succession (cf. Kupferschmid 2002; Kupferschmid et al. 2002; . This wealth of data can be used for model parameterisation.
The Gandberg is located on the north face of the Gandstock, south of Schwanden (canton of Glarus, Switzerland) at an elevation of 1,100-1,600 m a.s.l. The Gandberg inclines towards the North at an angle of about 14-36°(30-80%), and the lower parts do not receive direct sunshine between October and April as a result of orographic shading. The soil is an acid brown soil with a tendency to podsol (Roth 1996) . Its depth varies greatly due to the presence of Verrucano boulders deposited by rockfall, mainly at the montane level. The extrapolated mean annual temperature for the Gandberg forest is 2-3°C and the mean annual precipitation 1,600-2,000 mm. The Gandberg forest is normally covered by snow from about November to April.
Before the Picea die-back, the entire Gandberg forest was dominated by Norway spruce (P. abies (L.) Karst.). Only a few silver fir (Abies alba Mill., 1%) and sycamore maple (Acer pseudoplatanus L., 3%) trees were present. The stands belong to the Galio-Abieti-Piceetum association at the montane level (1,200-1,450 m a.s.l.) and to the Homogyno-Piceetum vaccinietosum myrtilli at the subalpine level (1,450-1,600 m a.s.l.). In 1990, the forest had a growing stock of about 820 m 3 ha À1 at the montane level and 590 m 3 ha À1 at the subalpine level (Kupferschmid .
Between 1992 and 1997, a large outbreak of the European spruce bark-beetle (Ips typographus L.) caused the death of almost all P. abies trees on an area of approximately 100 ha, with a peak in 1993 when about 20 ha of P. abies-dominated stands died in the Gandberg forest alone (Walcher and Kupferschmid 2001) . Only about 2% of the Picea, but all Abies alba and Acer pseudoplatanus trees survived, scattered throughout the snag stands.
Description of the model RegSnag

Model structure
The model is composed of two modules: (1) a module that calculates the changes between microsite types (Kupferschmid and Bugmann 2005) , and (2) a new module that simulates the development of tree regeneration.
Brief overview of the microsite type module
The model of decay processes and ground-vegetation succession developed by Kupferschmid and Bugmann (2005) was used to simulate the changes between microsite types. The model considers the frequencies of 7 woody, 15 non-woody (including 'Boulder', 'Bare Soil' and all types with plant cover) and 3 tree-dominated microsite types ('Betula', 'Sorbus' and 'Picea'). These microsite types were defined based on (1) the dominant plant species, (2) the associated soil surface characteristics (i.e. stones, raw humus, etc.), and (3) the decomposition stage of woody debris (for a detailed description, cf. the Appendix in . The model does not track the location of the microsites (i.e., it is spatially non-explicit).
At the core of this module is a Markov process with a matrix that contains all possible transition probabilities between the non-woody microsite types. These transition probabilities were parameterised separately for the montane and the subalpine levels of the Gandberg site (cf. Fig. 1 , Kupferschmid and Bugmann 2005) . By contrast, the amount of logs, branches and coarse woody debris is calculated based on the decay rates of snags for the whole Gandberg site (cf. Fig. 1) . Note that the selfreplacement probabilities of all microsite types were not incorporated in the model equations, thus deviating from the standard formulation of a Markov model. This implementation enabled us to make the following two modifications compared to the model version used by Kupferschmid and Bugmann (2005) without re-estimating all the other transition probabilities: (1) we added a new microsite type 'Acer' because of the focus on the explicit modelling of tree regeneration in the present study, and (2) we simulated the transition probabilities from all microsite types into the microsite types dominated by trees (i.e. 'Betula', 'Sorbus', 'Acer' and 'Picea') as a function of the number of trees that are 1.3 m tall on each microsite (see below).
Tree regeneration module
Tree regeneration was divided into height classes (class 1: 4-10 cm, 2: 10.1-20 cm, 3: 20.1-40 cm, 4: 40.1-70 cm, 5: 70.1-130 cm, 6: 130.1-250 cm, 7: 250.1-500 cm and 8: >500 cm). A value of 500 cm was chosen as the uppermost class limit because we assumed that trees are part of the 'protective regeneration' (i.e. saplings tall and thick enough to provide protection against snow avalanches sensu Ott et al. 1997 ) when they are taller than twice the maximum snow depth, which is about 2.5 m at the Gandberg site. For the four main tree species in these snag stands (Picea abies, Betula pendula, Sorbus aucuparia and Acer pseudoplatanus), separate height-class matrices were modelled, and for each height class, the amount and average height of the tree regeneration were simulated over time.
Ingrowth into the first height class (N1) is assumed to be a function of the amount of viable seeds (nSeed ), the species-specific germination rate (g) and the mortality rate until the first summer (m 0 ):
where i=species, s=microsite type, sfreq=total frequency of microsite types that can be occupied by tree regeneration (i.e. all types except 'Boulder', 'Tree', 'Snag', 'Stump', 'Log' and 'Branch', cf. Table 2 ) and freq=frequency of the microsite type s. The minimum seedling height in the first height class was set to 4 cm. Tree regeneration in each height class is characterised by constant, class-specific rates of growth, mortality and browsing. No individual trees are modelled, but the model keeps track of the number of trees in each height class and the average height of these trees. In each time step, the number of trees that change the height class is calculated. It is assumed that these trees enter the next height class with the minimal height of this class, thus reducing the average height of all trees in this class while increasing the number of trees in the class. The probability for changing height class was assumed to be classdependent and to increase as the average tree size approaches the upper border of the size class (Eq. 2, cf. Bugmann et al. 1989) .
where h mean = average height of the trees in a given class, h min = minimum height of the class, and h max = maximum height of the class. The parameter x defines the shape of the curve. As some trees grow faster than an ''average'' tree, they would change size class earlier than average trees, thus increasing the transition probability with increasing average height. To take this into account, we used a value of x=20. Tree regeneration up to height class 5 ( £ 130 cm) was modelled separately for each microsite type. Consequently, saplings were stratified by microsite types within each height class. However, we assumed that boulders and all woody microsite types except 'Coarse Woody Debris' ('CWD') and 'Root' are unfavourable for tree regeneration, and therefore no trees establish there. For all other microsite types, microsite-specific rates of germination, growth and mortality were used (cf. Table 2 ). Tree regeneration in height classes 6-8 was assumed to be at least as tall as the ground vegetation, and thus to grow independently of the microsite types they inhabit. Therefore, height growth of the trees in height classes 6-8 is not microsite specific (Table 2) .
Generally speaking, tree regeneration is modelled with a size class approach using continuous growth functions within each combination of species, microsite type, and height class.
Module coupling: tree regeneration in microsites
When a microsite type changes into another microsite type, the seedlings and saplings on this microsite type change their microsite type accordingly. When tree saplings reach the height of 1.3 m, the microsite type they currently inhabit is assumed to change into the tree microsite types 'Betula', 'Sorbus', 'Acer' or 'Picea'. To calculate the proportion of area that changes into a tree microsite type during such a transition, we assumed that a tree that is 1.3 m tall covers an area of 0.5 m 2 (calculated based on crown diameters from Hasenauer et al. 1994) . However, when Betula pendula trees reach a height of 1.3 m in the microsite types 'Sorbus' or 'Acer', only half of this area was assumed to change into 'Betula', as we presumed a co-dominance of Betula with these other species. The same was assumed to happen in the opposite cases. When Picea trees reach the height of 1.3 m in the microsite types 'Betula', 'Sorbus' or 'Acer', it was assumed that 3/4 of this area change to 'Picea'. Conversely, we supposed that only 1/4 of the area changes from 'Picea' into 'Sorbus', 'Betula' or 'Acer', because P. abies is more competitive than the other three tree species. When a tree in one of these tree microsite Fig. 1 Schematic diagram of the microsite type module: the boxes represent the microsite types included in the simulation model. Grey boxes are woody microsite types, white boxes are types dominated by stones (i.e. boulder = 'B', boulders covered by mosses = 'MoB'), bare soil (='Soil') or ground vegetation ('Fe' = ferns like Drypoteris, 'Ru' = Rubus idaeus, 'Poly' = Polytrichum formosum', 'Hylo' = Hylocomium splendens 'Mo' = other mosses, 'Vege' = other vegetation, cf. detailed microsite type definition in Kupferschmid Albisetti 2003, appendix) . The arrows show the transition probabilities on the montane and subalpine elevational level; thick arrows denote frequent transitions (annual probability > 5%), dashed arrows less frequent transitions (1-5%) and dotted arrows rare transitions (<1%). Note that for clarity no arrows are drawn from non-woody microsite types to 'Logs' or 'Branches' and the treedominated microsite types (cf. 'Betula', 'Sorbus', 'Acer' and 'Picea') and the transition probabilities into them are not included. Modified after Kupferschmid and Bugmann (2005) types died, the area it occupies was assumed to change into the microsite type 'Bare Soil'.
The number of saplings in a specific height class h on the microsite s at time t+1 (N t+1 ) is therefore calculated based on the number of trees present in this height class at time t (N t ) minus the trees growing into the next height class (N r ), plus the trees 'translocating' into this microsite type (N trans_into ), minus the trees translocating into another microsite type (N trans_out ), minus the trees that died (N m ):
Model implementation
The model was constructed for simulating annual changes; however, it was found to be fairly sensitive to the width of the height classes in combination with the annual height increments. For example, if the trees in height class 4 (40.1-70 cm tall) have an average height of 60 cm, they would grow on average 16 cm year À1 (Table 2 ). Thus, in the next year they would be transferred into height class 5, with an initial height of 70 cm, and therefore they would have ''lost'' 6 cm of height growth (discretisation problem). With a smaller time step, however, they would be allowed to change height class during the year, i.e. when they actually reach the upper height limit of class 4. Therefore, a weekly time step was chosen for the implementation of the model. Note that this choice was not biologically motivated, but resulted from the mathematical necessities of the size-class approach.
Thus, the decay rates, transition probabilities, height increments, mortality rates and browsing intensities were derived on an annual basis (p annual ), and were transformed into weekly parameters (p week ) for the simulation model according to Eq. 4.
Exceptions to this rule are the height increments and the reduction of terminal shoot length due to browsing, which were simply divided by 52. The model was implemented with the STELLAÒ software (High Performance Systems 2001) using Euler's integration method with a time step of 1 week (discrete time model). Due to the random processes incorporated in the model (see below), we always performed 10 simulation runs. To be able to replicate the stream of random numbers in processes with a random component, we set the 'seed' in the STELLAÒ random number function between 1 and 10.
Model initialisation
The model was used to simulate an area of 100 m 2 , and it was initialised with the conditions inferred for the Norway spruce stands in 1993. At that time, Picea trees had already been attacked by bark beetles, but they still carried their needles. Therefore it is reasonable to assume that the ground vegetation was still similar to that in a living stand (cf. Kupferschmid 2002) .
The model was initialised separately for the montane and subalpine levels because the ground vegetation on these two levels differs considerably (cf. Kupferschmid and Bugmann 2005) . The microsite module was used with the same initial values as in the original decay and vegetation development model (Kupferschmid and Bugmann 2005) . The amount of tree regeneration at the beginning of the simulation (so-called ''advance regeneration'') was assumed to be zero for all species and height classes, as no tree regeneration was found at the Gandberg site in 1994 .
Model parameterisation
The model was parameterised separately for the two elevational levels, as tree regeneration grows more slowly on the subalpine than on the montane level. In this study, we assume that height increment decreases by about 10% from the montane to the subalpine level (cf. Lu¨scher 1990; Frehner 2000) , but that germination and mortality rates are identical on these two levels.
Seed rain, germination and seedling mortality
No detailed information on seed input or seed germination rates was available for the snag stands at the Gandberg. However, vegetation succession and tree regeneration have been investigated in a pilot study on 24 permanent plots on the lower-montane level since 1994. Germinants of six tree species were found during the first 8 years after Picea die-back in these permanent plots (Fig. 2 ).
In the model context, the measured numbers of germinants are the result of seed rain, germination rates and survival rates of seedlings until July/August. Therefore, we derived the annual numbers of seeds by dividing the number of germinants in the permanent plots (cf. Fig. 2 ) by an average germination (g) and seedling survival rate (=1À average seedling mortality rate=1Àm o ; Eq. 5):
For example, we assumed for Picea an average germination rate (g) of 30% (Brang 1996b; Holeksa 1998 ) and an average annual seedling mortality rate of 25% . Given the observed number of germinants in the permanent plots (Fig. 2) , this resulted in 0 to ca. 14 seeds m À2 year À1 (=140,000 seeds ha À1 year À1 ) during the first 8 years after Picea die-back (cf. Table 1 ).
In addition, information about the magnitude of seed years (cf. Burkart 2001) was taken into account. In winter 1993/1994, when the first Picea trees died in the Gandberg forest, many Picea seeds were produced on the montane level (about 3 seedlings m À2 in 1994, Fig. 2 ), even though this was not a mast year in the region (Burkart 2001) . Therefore, in our model we assumed an exceptional fructification (some authors would call this a 'fear fructification') at the end of 1993 for the montane level (Table 1) . Afterwards, seed availability of Picea probably decreased dramatically due to the almost complete die-back of Picea (cf. Table 1). Note that we assumed the same number of Picea seeds for the entire montane Gandberg forest, regardless of the distance to the adjacent green forest (minimum 50 m), because a counting of seeds on the snow surface in winter 2001 showed a uniform seed distribution with distance to the living forest (A.D. Kupferschmid, unpublished) .
We assumed that seed production on the two elevational levels was not identical (cf. Table 1 ). Firstly, there were more living trees in the neighbourhood of the snag stands at the montane level in winter 1993 than at the subalpine level (which borders to alpine meadows, a large avalanche track and the montane snag stands); therefore, the montane stands probably received more seeds during the exceptional seed year 1993. Secondly, a larger number of Picea trees survived at the subalpine level until the good seed years 1995, 1997 and 1999 . Thirdly, the extent of mast years is known to decrease with elevation (Mencuccini et al. 1995) .
Details about the amounts of seeds for Betula pendula, Sorbus aucuparia and Acer pseudoplatanus are given in , together with the germination and mortality rates for each of these tree species and microsite type. The results of the estimation procedure are shown in Tables 1 and 2 .
Height increment
Height increments were estimated based on the data from Picea saplings on all microsite types of the Gandberg forest. To this end, we measured 113 Picea saplings that were selected randomly in 2001 on the subalpine level. The height increment in the year 2000 was related linearly to the height of these unbrowsed Picea saplings (height without terminal shoot of the year 2000, cf. Eq. 6, Fig. 3 ): average height increment r subalp ¼ 0:438 Â height ðcm);
In addition, the height and height increment of 69 unbrowsed Picea saplings that were taller than about 1 m were measured in a Picea thicket (i.e. microsite type 'Picea') on the lower montane level beneath the snag stands of the Gandberg forest (same site conditions and also a north-facing slope). Again, terminal shoot length exhibited a linear relationship to the height measured without the terminal shoot (cf. Eq. 7, Fig. 3 ).
Average height increment r mont ¼ 11:2 þ 0:078 Â height ðcm); R 2 ¼ 0:27; P\0:001:
Using Eq. 6, we calculated the average height increment of Picea saplings in the height classes 1-3 on the subalpine level (Table 2) . However, there was no information about the height increment of taller Picea saplings on the subalpine level, because no tree taller than ca. 35 cm was found in 2001 (cf. Fig. 3 ). For the taller saplings in classes 5-7, we therefore used Eq. 7 as derived from the randomly sampled Picea saplings on the montane level, and reduced the parameters of this Fig. 2 Number of germinants that survived until July/August when the annual field surveys were carried out in the 24 permanent plots on the montane level of the Gandberg forest. Modified after Kupferschmid et al. (2002) equation by 10% to account for lower growth rates on the subalpine level (Eq. 8, 
By contrast, for the small Picea saplings at the montane level we increased the slope of Eq. 7 by 10%, thus resulting in Eq. 9: Germination and mortality are probabilities, whereas height increment is given in cm year
À1
. For Betula only average values are listed, while for Picea average values and microsite specific variations are incluced, i.e. for germination rates (g) and height increments (r 1-5 ), the signs stand for; ÀÀ, 50% of mean rate; À, 75%; =, 100%; +, 125%; and ++, 150%. In contrast, for mortality rates (m 0-5 ) the signs stand for; ++, 50% of mean rate; +, 75%; =, 100%; À, 125%; and ÀÀ, 150%. Note that m 6-7 and r 6-7 are not microsite dependent. The microsite type 'Other Vege' was mostly composed of Senecio ovatus on the montane, and of Vaccinium myrtillus on the subalpine level At random on average every 5 year 10,000-22,000
At random on average every 7 year 33,000-66,000
Full or partial mast
Other years At random 1-1,000 At random 1-3,000 -Sorbus
At random 1-500 At random 0-2,000 Acer
At random 1-4,000 At random 0-500 Betula At random 1-350 At random 0
Values for Betula, Sorbus and Acer were calculated every year, using the function random (min, max) in the STELLAÒ software which produces a uniformly distributed random number between the minimum and maximum value listed
The average height increment of class 4 saplings (r 4 ) was interpolated between r 3 and r 5 for both elevational levels (Table 2) . We would have preferred to use one single regression equation for the height increment of Picea on each level based on measurements of Picea seedlings and saplings of 0 up to 5 m height. However, this was not possible with the available data. Yet, using the procedure described above, we obtained plausible height increments for each height class (cf. Table 2 ).
Based on a literature survey, the microsite-specific height increments were estimated as deviations from the mean values (described above) for each height class. Thereby we took into account the range between the maximum and minimum values in the data set (Fig. 3) . We assumed that saplings in a 'very unfavourable' habitat (''ÀÀ'' in Table 2 ) had only 50% of the average height increment, whereas saplings in a 'very favourable' habitat (''++'' in Table 2 ) had 150% (see for the derivation of the microsite-specific rates as well as for the details of the derivation of the parameter values for Betula pendula).
Sorbus aucuparia and Acer pseudoplatanus seedlings and saplings were found to be browsed very heavily by chamois at the Gandberg site (cf. Kupferschmid et al. 2002) . Hence, we modelled Sorbus and Acer regeneration in a simpler manner than Picea and Betula regeneration, i.e. by abandoning microsite-specific rates and only using mean germination, mortality and growth rates. Again, the parameterisation details were described by .
Browsing intensity
Browsing was assumed to be distributed uniformly within a height class, i.e. all saplings were browsed with the same probability. Therefore, it was assumed that individual losses of the terminal shoot that result from ungulate browsing can be summed up to derive the total annual height increment loss within a height class. The total height increment of the trees in each height class was therefore reduced each year by the browsing intensity as estimated in Table 3 . This procedure was chosen because no individual trees were modelled with our height-class approach. The parameter values were estimated as described below.
The Gandberg forest lies within the wildlife sanctuary 'Freiberg Ka¨rpf', and chamois (Rupicapra rupicapra) is by far the most frequent ungulate species (Schmidt 1983) . The only browsing data available indicate that the terminal shoots of 9 out of 13 living Picea saplings were browsed in the year 2001 in the 24 permanent plots in the Gandberg forest . This is equal to a browsing intensity of about 70% for Picea in height classes 2 and 3 (Table 3). Generally, browsing by chamois affects saplings that are shorter than about 1.3 m (Eiberle and Nigg 1986) , in particular those in the height range 10-40 cm, i.e. saplings in the height classes 2-3 of the model. Saplings in height class 1 are browsed less often than taller ones (Eiberle and Nigg 1986; Wunder 2002 ). Hence we assumed a lower browsing intensity in class 1 than in classes 2 and 3 (Table 3) . Seedlings and small saplings may die due to browsing. For example, Ru¨egg and Schwitter (2002) observed in windthrow areas an annual mortality rate due to browsing of about 5% for Picea. Due to the exceptionally high browsing pressure on the Gandberg forest, we assumed that the browsinginduced mortality was about three times as high, i.e. 15% per year (Table 3 ). In the model, this browsinginduced mortality rate acts in addition to the normal mortality rate of seedlings and saplings in the first height class (m 1 , Table 2 ).
Browsing intensities were assumed to be equal on all microsite types due to a lack of microsite-specific data. According to personal observations in the Gandberg forest, browsing pressure was higher in winter on the montane than on the subalpine level, presumably because of lower snow depth. Therefore, browsing intensities on the subalpine level were assumed to be about half of those on the montane level (cf . Table 3) , except for Picea seedlings in the first height class, because ground vegetation was generally shorter on the subalpine level, which probably resulted in a better detectability of seedlings by the ungulates.
Furthermore, we assumed a higher browsing intensity on Sorbus aucuparia and Acer pseudoplatanus than on Picea, as we found no unbrowsed Acer sapling in the permanent plots (cf. also Ott et al. 1991; Nü sslein and Faisst 1998; Wunder 2002) . As ungulates preferentially browse these two species and seedlings and saplings are easier to detect on the subalpine level, we assumed a reduction in browsing intensity on saplings by just 5% relative to the montane level (Table 3) . By contrast, Betula seedlings and saplings were assumed to be unattractive for chamois and therefore not to be browsed (Table 3) .
Although there were some large Abies alba trees on the Gandberg forest, we ignored Abies and Salix in our tree regeneration model because only very few seedlings were found in the permanent plots (cf. Fig. 2) , and Abies was browsed even more than Acer (i.e. 100% regeneration failure of Abies in the Gandberg, Kupferschmid et al. 2002 ).
Data for model validation
In June 2001, tree regeneration was investigated on the Gandberg forest in those Picea stands in which Picea trees had died in 1993. Sampling took place at three elevational levels (lower montane: 1,220-1,280 m a.s.l., upper montane: 1,310-1,370 m, and upper subalpine: 1,540-1,600 m). At each level, eight blocks were selected randomly. Each block contained four strip transects that were arranged (1) parallel to, (2) perpendicular to, and (3,4) at an angle of 45°to the contour lines, i.e. the four strip transects spanned a tetrahedron. Each strip transect was 10 m long and 2 m wide. Along these 96 strip transects (3 levels · 8 blocks · 4 transects per block), the following characteristics were measured/determined for each tree seedling and sapling: height (the terminal shoot of 2001 was not included), terminal shoot increment in 2000, browsing and other damages, and the microsite type.
In total, 251 Picea abies, 248 Acer pseudoplatanus, 60 Sorbus aucuparia and 15 Betula pendula saplings were sampled on the montane level, whereas on the subalpine level, 195 Picea, 10 Acer, 64 Sorbus and no Betula saplings were found. These data, which were not used for parameter estimation, served to evaluate the accuracy of the model after eight simulation years, as described below.
Model evaluation
Parameter sensitivity analyses were conducted to answer the following main question: Is it important to differentiate microsite-specific rates of germination, mortality and growth, or would it be sufficient to use average rates? In other words, do predictions from model runs with microsite-specific rates match validation data better than those with average rates only? Eight different simulation experiments (i.e. scenarios) were carried out over 8 years for Picea (Table 4) , so that the model output could be compared against independent field data (validation data set).
The comparision was performed by calculating three indices: (1) bias, describing the mean difference between simulated and observed tree numbers (Eq. 10), (2) precision, expressed as the standard deviation of the difference between simulated and observed numbers (Eq. 11), and (3) accuracy, describing the degree of convergence of simulation to observation (Eq. 12). The bias can be positive or negative. If there is no difference between observed and simulated numbers, the value of all three indices becomes zero: 
where simulated and observed stands for the simulated and observed numbers of trees ha À1 , respectively, and i for the 26 microsite types ('Tree', 'Snag' and 'Stump' were pooled, and so were 'Acer', 'Betula' and 'Sorbus') or the seven height classes, respectively. The model was evaluated separately for the frequency of Picea in each microsite type (cf. Evaluation of the frequency of Picea in each microsite type) and in each height class (cf. Evaluation of the frequency of tree regeneration in each height class). These analyses focused on Picea, as a comparison between observed and simulated data for Acer pseudoplatanus, Betula pendula and Sorbus aucuparia would have made little sense due to the small numbers of observed saplings (cf. Data for model validation), whereas in the case of Acer on the montane level, the saplings were browsed too heavily.
We also carried out a sensitivity analysis for the effect of browsing intensity on the number and height of P. abies trees. The results are presented elsewhere (Kupferschmid .
Evaluation of the frequency of Picea in each microsite type
Montane level
The largest differences between simulated and observed frequencies of P. abies seedlings and saplings in 2001 were found for the microsite types dominated by Rubus idaeus (Fig. 4) . The numbers of Picea on 'FernRubus' and 'Rubus' were overestimated considerably (e FernRubus =280.19 saplings ha À1 and e Rubus =137.31), while the numbers on 'MossRubus' were underestimated (e MossRubus =À96.25, cf. Table 5 ). Besides these differences, the numbers of Picea on all moss microsite types, on 'Other Vegetation', 'Root', 'CWD' and 'Boulder' were underestimated just slightly (e i values < À10 saplings ha À1 ), whereas on the microsite types 'Fern', 'MossFern', 'MossBoulder' and 'Sambucus', they were overestimated slightly (e i values>10 saplings ha À1 , cf. Table 5 ).
The scenario with only average process rates, i.e. 'gama-ra', always resulted in the poorest agreement between observed and simulated data (bias=119 saplings ha À1 , model efficiency=338, cf. Table 6 ). Hence, Picea was not distributed uniformly across the microsite types. Compared to the 'all average' scenario, microsite-specific rates of germination ('gs-ma-ra') or microsite-specific rates of mortality ('ga-ms-ra') improved the agreement with the observed frequencies considerably (Table 6 ). However, the simulated frequencies were closest to the observed data when all rates were assumed to be microsite-specific ('gs-ms-rs': bias = 8 saplings ha À1 , cf. Table 6 ).
Subalpine level
The agreement between simulated and observed frequencies of Picea seedlings and saplings in each microsite type was generally lower on the subalpine than on the montane level (Fig. 3 , Table 6 ). In particular, the numbers of Picea on the microsite types 'Bare Soil', 'Polytrichum', 'MossFern' and 'Fern' were overestimated strongly with the model for the subalpine level (e i >100 saplings ha À1 , cf. Table 5 ). In contrast, the frequencies of trees on the microsite types 'Root', 'Coarse Woody Debris' ('CWD') and 'Other Vegetation' Table 4 Possible combinations between microsite-specific (s) and average (a) rates of germination (g), mortality (m) and growth (r) ga gs ma ga ma ra gs ma ra ga ma rs gs ma rs ms ga ms ra gs ms ra ga ms rs gs ms rs were underestimated considerably (e i <À100 saplings ha À1 , cf. Table 5 ). Nevertheless, particularly the microsite-specific mortality rates were important in explaining the differences between a uniform distribution of Picea on all microsite types (scenario 'ga-ma-ra', bias gamara = 46 saplings ha À1 ) and the observed distribution (bias gamsra = À2 saplings ha À1 , cf. Table 6 ).
Evaluation of the frequency of tree regeneration in each height class
Montane level
The numbers of Picea trees in each height class varied strongly between the eight simulation scenarios (cf. Fig. 5 ), and so did the values of bias, precision and model accuracy (Table 6 ). Particularly the micrositespecific rates of growth and mortality had a large effect on tree numbers in each height class (Fig. 5 , Table 6 ), whereas microsite-specific germination rates had only a small influence on the number of Picea in each height class. Overall, 1961 Picea seedlings and saplings per ha were observed on the montane level of the Gandberg forest in 2001, while 2091 ha À1 resulted for the simulation where all rates were assumed to be microsite-specific (i.e. 'gs-ms-rs'). It is noteworthy that no Picea regeneration taller than 70 cm was found 8 years after Picea die-back on the Gandberg forest, a feature reproduced by the simulations over 8 years (i.e., trees only in classes 1-4, Fig. 5 ). In addition, most Picea saplings were found in height class 2 (10.1-20 cm) on the Gandberg forest (54.6%), and this was reproduced nicely in the 'gs-ms-rs' scenario (59.4%, Fig. 5) .
Similarly encouraging results were obtained for the other three tree species (cf. Kupferschmid Albisetti Fig. 4 The number of Picea abies seedlings and saplings on the microsite types in percent of all saplings in 2001. A comparison of simulated and observed (average ± standard deviation) frequencies is shown. Simulations were carried out with average values (a) or microsite-specific values (s) of the rates of germination (g), mortality (m) and height increment (r). For the subalpine level, simulation results with microsite-specific height increments (r s ) are not shown because they were found to be almost indistinguishable to results with average growth rates (r a ). Where only filled symbols are visible, the simulation with average and microsite-specific germination rates gave identical results Table 6 Bias (" e), precision (se) and model accuracy (me) for each microsite type and height class according to Eqs. 10, 11, 12 for Picea abies seedlings and saplings on both elevational levels (N/ha) 2003). In total, 117 Betula pendula seedlings and saplings ha À1 , 496 Sorbus aucuparia and 1938 Acer pseudoplatanus were found in 2001 at the Gandberg site, and 194, 485 and 2,123 seedlings and saplings ha À1 were simulated, respectively.
Subalpine level
Again, the numbers of Picea per height class varied strongly between the eight simulation scenarios, and microsite-specific rates of mortality had the largest effect on the numbers of trees (Fig. 5, Table 6 ). Overall, 3,047 Picea seedlings and saplings per ha were observed on the subalpine level of the Gandberg forest in 2001, while 3,023 ha À1 resulted for the scenario where all rates were assumed to be microsite specific (i.e. 'gs-ms-rs').
Similar to the montane level, no Picea regeneration taller than 70 cm was found on the subalpine level of the Gandberg forest 8 years after Picea die-back. However, in contrast to the montane level, Picea seedlings and saplings were mostly found in height class 1, followed by class 2. Both features were reproduced well by the 'gsms-rs' scenario (Fig. 5) .
The results obtained for the other three tree species were satisfactory as well (cf. . In total, 156 Acer and 1,000 Sorbus seedlings and saplings ha À1 were found in the subalpine Gandberg forest, and 264 Acer and 1,014 Sorbus were simulated by the model.
Results of long-term simulations
Long-term simulations were carried out over 40 years with the following aims: (1) to project the density and height distribution of Picea regeneration into the future, and (2) to predict the future species composition of the snag stands, separately for each elevational level of the Gandberg forest.
Future amount and height of Picea regeneration
Montane level
The total number of Picea saplings declined strongly in the first years ( Fig. 6 ) due to mortality and the much larger amounts of seeds at the end of 1993 and 1995 than in the other years. When only the sapling cohorts of 1994 and 1996 were simulated over time, their amount decreased to about 330 trees ha À1 after about 35 years (cf. Fig. 6 ), while their average height increased strongly (note that class 8 in the model with trees taller than 5 m had no height increment and mortality, thus explaining the constant values in the top right part of Fig. 6 ).
Subalpine level
Almost three times as many Picea saplings of the cohorts that germinated in 1994 and 1996 were simulated to survive at the subalpine level (930 ha À1 ) compared to the montane level (330 ha À1 , cf. Fig. 6 ). Two reasons are responsible for this result: first, we assumed for the subalpine level a seed inflow that was three times larger than at the montane level during mast and partial mast years, as there were considerably more surviving Picea seed trees at the subalpine level (cf. section Model parameterisation); and second, browsing intensities in height classes 2-5 were only half as high in the subalpine compared to the montane level (Table 3) . For the same reason, it took less time for trees at the subalpine level to grow up to 5 m height (cf. Fig. 6 ). A comparison of simulated (mean, respectively mean ± standard deviation for ''gs-ms-rs'') and observed (mean ± standard deviation) tree numbers is shown. Simulations were carried out with average values (a) or microsite-specific values (s) of the rates of mortality (m) and height increment (r). Simulation results with average germination rates (ga) are not shown because they were found to be almost indistinguishable to the results with micrositespecific germination rates (gs) It should be kept in mind here that we modelled only the average height of the trees in a height class, and that the height growth increment in each height class is reduced according to the browsing intensities of the classes. Therefore, no tree can grow up without having been browsed if browsing intensities are non-zero. Thus, if browsing amounts to 40 and 20% on the montane and subalpine level, respectively, and height growth without browsing is 7.2 and 6.6 cm, respectively, the simulated average trees actually grow 60% of 7.2 cm and 80% of 6.6 cm, i.e. 4.32 cm on the montane and 5.28 cm on the subalpine level.
Future species composition
In the model, the succession of the microsite types has a direct influence on the future rates of germination, mortality and growth, and an indirect influence on the future tree number and species composition. Conversely, tree growth has a direct effect on the frequency of microsite types, as microsite types with trees taller than 1.3 m change into one of the four tree microsite types ('Betula', 'Sorbus', 'Acer' or 'Picea'). Thus, future tree growth is altered by microsite type changes, and tree growth in turn alters the frequency of the microsite types. Simulations were performed with microsite-specific germination, mortality and growth rates (gs-ms-rs, cf. Table 2) , with the estimated browsing intensities (cf. Table 3 ) and seed inputs (cf. Table 1 ). Amounts and heights of the Picea abies saplings germinated in 1994 and 1996 were calculated in two separate simulation runs where only these cohorts germinated
Montane level
According to the long-term simulations, the microsite types 'Betula', 'Sorbus', and 'Acer' together are anticipated to cover only 1.6% of the area about 30 years after the Picea die-back (cf. bar for 'Betula/Sorbus/Acer' in Fig. 7 ). According to our rating (Table 2) , Betula pendula, Sorbus aucuparia and Acer pseudoplatanus thickets are among the 'favourable' microsite types for Picea establishment. Hence, after 30 simulation years about 6.4% of the Picea seedlings and saplings were found on these microsite types (cf. diamonds in Fig. 7) .
Furthermore, because trees that are taller than 1.3 m (i.e., size classes 6-8) were assumed to dominate their microsite type and therefore to represent a microsite type of their own (i.e., 'Betula', 'Sorbus', 'Acer' or 'Picea'), we conclude that in the snag stands on the montane level, somewhat higher numbers of the deciduous tree species will establish compared to Picea (i.e., 1.6 vs. 1.3% microsite cover, Fig. 7 ). This is mostly due to their good germination ability on open sites during the first years after Picea die-back and the absence of browsing in the case of Betula saplings. However, the simulated frequencies of single microsite types for the future cannot be taken literally because the proportion of the area which changes into a tree microsite type when a tree reaches the height of 1.3 m (i.e. 0.125-0.5 m 2 ) was probably underestimated. For example, the anticipated ca. 3.3 Picea saplings per 100 m 2 (=330 trees ha À1 ) that are taller than 1.3 m in the year 2023 (cf. white bar and dotted line in Fig. 6 ) would probably occupy more space than only about 1.3 m 2 (i.e. 1.3% of the area, cf. white bar in Fig. 7) .
Nevertheless, the long-term simulations show that coarse woody debris ('CWD'), logs and Rubus idaeus will probably cover the largest fraction of the area about 30 years after the Picea die-back (bars in Fig. 7) . Coarse woody debris will become one of the most if not the most important microsite type for Picea regeneration at that time (diamonds in Fig. 7 ).
Subalpine level
Microsite types such as 'Fern', 'MossFern', 'CWD', 'Log', 'Grass' and-to a lower extent-also 'Polytrichum' will probably still dominate the subalpine level of the Gandberg forest about 30 years after the Picea dieback, besides the new Picea thickets (cf. bars in Fig. 7) . The most favourable microsite types for Picea regeneration will be 'CWD', 'Polytrichum', 'MossFern' and 'Fern' (cf. diamonds in Fig. 7) .
In contrast to the results for the montane level, our simulations for the subalpine level suggest that the microsite types 'Sorbus' or 'Acer' will be more scarce (0.9% of the area) than the microsite type 'Picea' (5.4%) at that time (cf. Fig. 7 ). This low amount of deciduous trees that will reach the height of 1.3 m is caused by (1) the estimated low seed inflow rates (Table 1) and (2) the assumed high browsing rates of ungulates on Sorbus and Acer (Table 3) .
Discussion
Importance of microsites
We developed a new tree regeneration model for snag stands ('RegSnag') that considers microsite-specific differences in germination, mortality and growth rates. The model is based on the assumption that microsite types are crucial for explaining the establishment and viability of tree regeneration in mountain forests (e.g. Kinnaird 1974; Brang 1996a , Ho¨rnberg et al. 1997 Holeksa 1998; Frehner 2000) . This could be confirmed by comparing simulation outputs with independent field data (cf. Model evaluation). Simulations in which germination, mortality and growth rates were equal on all microsite types deviated to a much higher extent from the independent field data than simulations with microsite-specific rates (Fig. 4, Table 6 ). Therefore, we conclude that our model projected tree regeneration in the first 8 years after Picea die-back more accurately when micrositespecific rates were used. This was true for both the montane and subalpine levels (cf . Table 6 ).
Nevertheless, in reality the microsite-specific parameters probably differ more strongly between the most 'unfavourable' and the most 'favourable' sites than we assumed in the model (i.e. more than 50-150% of the average, cf. section Height increment). The microsite 'FernRubus', to give only one example, was assumed to be unfavourable for Picea regeneration, with low germination and growth rates and high mortality rates (cf. Table 2 ). Nonetheless, our simulation overestimated the amount of saplings on 'FernRubus' by a factor of about 3 on the montane level (cf. Fig. 4 ). This indicates that microsites are probably even more important than we assumed.
On the montane level, the most suitable microsites for Picea establishment were 'Root', 'Coarse Woody Debris', moss cushions, and-surprisingly-'MossRubus', whereas the most unfavourable sites were 'Fern', 'FernRubus' and 'Rubus' (cf. Fig. 4 ). While on the subalpine level 'Root' and 'CWD' were also suitable sites, 'Polytrichum' and all sites dominated by ferns, raspberries and grasses were unfavourable (Fig. 4) . It is likely that similar findings would have been obtained if we had merged some microsite types (e.g. 'FernRubus' and 'Rubus') in the tree regeneration model. Such a reduction in the number of microsites would simplify the model, but any grouping of microsite types would have to be made with care, so as to maintain the variability in site conditions that was found to be so important.
Limitations of the RegSnag model approach
Obviously, a height-structured model of forest dynamics also has limits. In particular, the average height of the trees in a class is crucial for determining the transitions between the height classes. Irregular seed input caused the average height of trees in a certain class to drop dramatically when saplings of a good seed year became part of this class. An opposite effect was found when saplings of a bad seed year became part of a class (cf. Fig. 6 ). Consequently, such events affected the transition probabilities because these probabilities changed sharply, e.g. as average height approaches maximum height (cf. Eq. 2). This made it difficult to predict the future height of trees. Nevertheless, we were able to circumvent this problem by simulating the development of single tree cohorts with our model (cf. Fig. 6) .
A further limitation of the model approach is that browsing by ungulates can only be integrated by reducing the growth rates of all trees in a given height class, but not of individual trees (see section Browsing intensity). In the case that browsing affects all individual trees similarly over time, e.g. if all trees are browsed twice during a certain time period, this general reduction in growth is not a problem. In this case, instead of being browsed twice as strongly, each tree simply experiences a reduced terminal shoot growth every year. However, the approach would cause large deviations between reality and model simulations when ungulates browse some trees repeatedly (e.g. Eiberle and Nigg 1987; Gill 1992a) while they spare others. We have, however, no evidence that this latter effect would be the case on the Gandberg forest, which is congruent with the findings by Ducan et al. (1998) .
Browsing by deer may also cause changes in the ground vegetation. Gill (1992b) summarised in his review that shrub and herbaceous plant biomass often decreases while the biomass of grasses, ferns and mosses increases. Such effects were, however, neglected in our model, and could be considered in future model versions.
Speed of reforestation and impact of herbivory
The most noticeable effect of heavy browsing is a change in the tree species composition due to a partial or even complete prevention of the establishment of certain species (e.g. Gill 1992b; Wasem and Senn 2000) . In the living stands on the Gandberg site, Abies alba and Acer pseudoplatanus have already been scarce. In the future, they will probably be absent (Abies) or at least very rare (Acer) if browsing by ungulates continues at the present intensity. In contrast, Betula pendula quickly established after the Picea die-back, which is congruent with findings in other snag stands (Baker and Kemperman 1974) and in windtrow areas (Peterson and Pickett 1995; Schmidt-Schu¨tz 1999) . However, the density of Betula regeneration is much too low to form a pioneer stand on the Gandberg site, probably because the large extent of the snag stands minimized seed inflow (cf. limited long distance dispersal of Betula, Cameron 1996). Thus, the formerly dominant species Picea and neither the rare Abies and Acer (<3%) nor the potentially abundant Betula or Sorbus trees will replace the current herbaceous vegetation in the snag stands on the Gandbeg site. This is in agreement with the findings of Schmid and Frye (1977) in the Rocky Mountains, where sprucedominated snag stands with less than 10% fir in the overstory remained spruce forests.
Generally, browsing often reduces height growth of coniferous species (Eiberle 1975; Kristo¨fel and Pollanschu¨tz 1995; McLaren 1996; Hester et al. 2004) , thus prolonging the phase where seedlings and saplings are susceptible to damage by other factors such as pathogenic fungi or snow pressure (cf. Ott et al. 1997) . This indirectly reduces the number of tree saplings both in reality and in our model, in which they remain longer in the lower height classes that have higher mortality rates.
However, our long-term simulations suggest that Picea regenerates rather quickly in the snag stands on the Gandberg site, regardless of the high browsing intensities (Fig. 6 ). Eiberle and Nigg (1986) observed that in closed high montane Picea-Abies forests, heavily browsed Picea saplings required on average 22 years to reach the height of 1.3 m and thus to grow above the height that chamois are normally able to reach. Lu¨scher (1990) determined between 25-85 years at the montane level and 35-105 years at the subalpine level until Picea reached a height of 5 m. Brang and Duc (2002) estimated (based on a literature review) that it takes an average of 68 years for tree regeneration in small gaps of subalpine and high montane Picea forests to grow to a height of 5 m. Mayer and Ott (1991) and Ott et al. (1997) suggest that it takes about 50 to 80 years until tree regeneration in the subalpine level reaches the status of 'protective regeneration' (i.e. trees that have a height and dbh sufficient to effectively protect against snow avalanches or rockfall). Probably the higher light availability in snag stands leads to relatively large height increments compared to otherwise comparable closed forests (Brang 1996a; Frehner 2000) . Therefore this difference may reduce the period that a tree is exposed to ungulate browsing and until it reached the status of a protective regeneration (cf. 5 m) at the Gandberg site.
Conclusions
Our study confirms the commonly held assumption that microsite effects on tree regeneration in mountain snag stands are quite important, not only on the subalpine but also on the montane level. Our rather simple model was able to capture these effects and to accurately simulate the development of tree regeneration over the first 8 years after the Picea die-back. The model showed that microsite types and microsite-specific effects on germination, mortality and height increment of trees should receive more attention when tree regeneration in mountain forests is modelled. This applies particularly in snag stands or other heavily disturbed sites, where light availability under a closed tree canopy is not limiting any more, but where competitive effects from ground vegetation and other site conditions become crucial for the growth and survival of tree regeneration.
